fat storage, longevity, and resistance to stress. Together, our results present a new steroid-binding molecule that can connect sterol signaling to insulin signaling through direct interaction with FOXO.
Introduction
Cholesterol serves as a plasma membrane component to control membrane fluidity and permeability. It is also a precursor for biologically active molecules, including vitamin D, oxysterols, steroid hormones (such as ecdysone or dafachronic acid), and bile acids. Sterols usually need sterol-binding proteins (SBPs) to regulate sterol homeostasis, trafficking, and cell metabolism. For instance, SREBP and LXR are transcription factors that regulate the expression of genes involved in cholesterol homeostasis [1, 2] , lipoproteins and NPCs are transporters of cholesterol, and caveolin located in the membrane regulates both cholesterol transport and signal transduction [3] [4] [5] . As in mammals, cholesterol in Caenorhabditis elegans has diverse functions [6] [7] [8] [9] including an interaction with the insulin signaling pathway [10, 11] . A key difference between worms and mammals, however, is 1 3 that worms require only a very small amount of cholesterol, suggesting that cholesterol primarily functions in signaling. For example, it is a precursor of dafachronic acid, a dauer molting hormone.
Insulin is involved in many cellular processes including cell growth and differentiation, carbohydrate metabolism, fat mobilization, lipogenesis, and aging [12] [13] [14] . Insulin resistance contributes to the pathogenesis of numerous metabolic diseases, such as type 2 diabetes, hypertension, lipid disorders, atherosclerosis, and reproductive abnormalities [13, 14] . The insulin pathway has been shown to regulate metabolism, development, stress resistance, and life span is conserved between C. elegans and mammals [15, 16] . In worms, the insulin-like receptor DAF-2 [17] activates a kinase signaling cascade from PI 3-kinase (AGE-1/AAP-1) [18] to downstream serine/threonine kinases such as PDK-1, AKT-1, AKT-2, and SGK-1 [19] [20] [21] . Once activated, these kinases negatively regulate the Forkhead (FOXO) transcription factor, DAF-16 [22, 23] , which regulates genes involved in longevity, dauer formation, fat accumulation, and stress resistance [22] [23] [24] . Recently, FOXO was found to interact with several histone remodeling factors such as the histone deacetylase SIRT1 [25] . This suggests that DAF-16 may differentiate its regulation by inducing different subsets of targets depending on its binding partner.
In this study, we identified nematode sterol-binding protein 1 (NSBP-1), a homolog of nucleosome assembly protein 1 (NAP1) in mammals, as a new cholesterol-binding protein. NSBP-1 interacts with the insulin signaling pathway and is translocated to the nucleus in the absence of the insulin signaling. In the nucleus, it binds to DAF-16 to control metabolic processes such as fat accumulation in a cholesterol concentration-dependent manner. These results suggest that NSBP-1 provides a novel molecular mechanism for DAF-16 to regulate insulin response in conjunction with cholesterol signaling.
Materials and methods

General methods for culturing worms and strains
All strains were cultured using standard C. elegans handling and culture methods [26] with the OP50 Escherichia coli strain as a food source. The wild-type strain was C. elegans variant Bristol, strain N2. Other strains used were CB1370 daf-2(e1370), CF1038 daf- 16(mu86) :gfp] strain was generated by crossing daf-2(e1370) males to Psod-3::gfp(muIs84) hermaphrodites.
Expression vector constructs
To produce GST-D2096.8 protein, a D2096.8 cDNA fragment was amplified by PCR and cloned into the EcoRI and NotI sites of pGEX-4T-3. This expression vector was transformed into E. coli Rosetta (DE3), overexpressed, and purified using glutathione-Sepharose 4B. To produce a GFP expression construct of NSBP-1, a PCR fragment containing the nsbp-1 coding region with 1.4 kb of the upstream promoter region was amplified and cloned into the SphI and BamHI sites of the Fire lab vector pPD 95.75 to generate the NSBP-1::GFP construct. Approximately 50 ng/μl co-injection marker pRF4 (rol-6(sd)) was mixed with the NSBP-1::GFP construct (at a final concentration of 100 ng/μl). The T203A variant (NSBP-1T203A::GFP) was generated by site-directed mutagenesis of NSBP-1::GFP according to the manufacturer's recommendations (Stratagene, La Jolla, CA, USA). The mutation was verified by nucleotide sequencing. The primers used for PCR analysis are listed in Table S3 .
Cholesterol feeding conditions
Worms were grown in different cholesterol-containing nematode growth medium (NGM) or RNAi plates. Low cholesterol medium (LCM) is the same as NGM, except that no cholesterol was added. High cholesterol medium (HCM) is the same as NGM, except that instead of 5 µg/ml added cholesterol, it contains 20 µg/ml. Other conditions were the same as previously described [9] .
RNAi assay
To prepare the bacterial RNAi expression construct, an nsbp-1 cDNA fragment was amplified by PCR from C. elegans and cloned into the XbaI and HindIII sites of the Fire lab vector pPD126.36 vector. RNAi plates were prepared by supplementing NGM with 100 μg/ml ampicillin and 1 mM IPTG. RNAi bacteria were grown overnight at 37 °C in LB media supplemented with 100 μg/ml ampicillin. After 1 day, the cultures were diluted (1:50) into LB broth containing 100 μg/ml ampicillin and grown at 37 °C to an OD 600 of 0.5, and then 1 mM IPTG was added. After 3 h, approximately 200 μl of the bacterial suspension was seeded onto each RNAi plate.
Dauer assay
For the dauer assays, approximately five adult worms were transferred onto the RNAi bacteria and maintained at 15 °C for approximately 3 days. F1 adult worms were then picked, transferred to a fresh RNAi plate, and allowed to lay eggs. Approximately 120 eggs were picked from these plates, transferred onto three fresh plates containing the RNAi bacteria, and then incubated at the indicated temperatures. The plates were scored for the presence of dauers or non-dauers after 3.5-4 days, with some exceptions.
Analysis of resistance to oxidative stress Following NSBP-1 and DAF-16 knockdown, wild-type N2, daf-2, or daf-16 worms were fed E. coli HT115 (DE3) cells expressing the indicated double-stranded RNA. Young adult worms were transferred to an M9 solution containing 100 mM paraquat (1,1′-dimethyl-4,4′-bipyridinium dichloride, Sigma-Aldrich, St. Louis, MO, USA) and incubated at 20 °C. The number of dead worms was counted by the continuous absence of swimming movements and pharyngeal pumping every 5 h for up to 20 h. Thirty worms from each strain were treated with 100 mM paraquat. This experiment was performed three times.
Lifespan measurement
Synchronized populations were obtained by allowing adults to lay eggs at 20 °C for 5-6 h on RNAi plates. After larval development, the worms were transferred onto RNAi plates containing 0.05 mg/ml FUdR. The number of living animals was scored every 1-2 days until death, which was defined as the failure to respond to gentle prodding on the head and tail with a platinum wire.
Coupling of cholesterol 3-hemisuccinate to EAH Sepharose 4B for cholesterol affinity chromatography Cholesterol-substituted EAH-Sepharose 4B was prepared according to Cuatrecasas et al. [27] [28] [29] with a few modifications. EAH-Sepharose 4B (1 ml, GE Healthcare, Piscataway, NJ, USA) was swollen in 20 ml of 0.5 M NaCl and washed with 5 ml of distilled water (adjusted to pH 4.5 with 0.1 M HCl). The swollen EAH-Sepharose 4B beads were placed in 1 ml of diethylene dioxide (1,4-dioxane) containing 0.0486 g cholesterol-hemisuccinate (10 mmol) and 1 ml of water (pH 4.5). Cholesterol-3 hemisuccinate was coupled to 1,6-diaminohexyl (EAH)-substituted Sepharose 4B using the carbodiimide-promoted condensation reaction described previously [30, 31] . Briefly, 0.055 g of 1-ethyl-3(3-dimethylaminopropyl)-carbodiimide (0.13 M) was added to 0.2 ml of water (pH 4.5), manually inverted for 60 min, and then stirred for 24 h at 4 °C. The resulting cholesterolsubstituted EAH-Sepharose 4B was washed successively with 20 ml of 1,4-dioxane, 100 ml of 80 % (v/v) ethyl alcohol, 10 ml of acetone, 20 ml of distilled water, and 20 ml of 10 mM potassium phosphate buffer, pH 7.5 containing 20 % (v/v) glycerol.
Proteomic analysis of NSBP-1 using nano-liquid chromatography-tandem mass spectrometry (LC-MS/MS) For the identification of purified NSBP-1, nano-LC-MS/MS analysis was performed using an Agilent Nano HPLC 1100 system coupled with a linear trap quadrupole mass spectrometer (Thermo Electron, San Jose, CA) as described [32] . Preparation of capillary columns, mobile phase solution, gradient conditions, and flow rates were the same as described previously [32] . Xcalibur 2.1 (Thermo Electron) was used for peak list generation. Acquisition of mass spectra, scanning of MS/MS, temperature, and collision energy was performed as described [32] . We performed the binding assay as described previously [33] . Each assay tube contained 100 nM [ 3 H]-labeled cholesterol in buffer A (50 mM Tris-HCl at pH 7.5, 150 mM NaCl, 1 mM dithiothreitol, 0.1 % Fos-Choline 13, and 0.005 % sodium azide) in a final volume of 100 μl, and was incubated at 25 °C in the presence of GST-fused proteins for the indicated times. After incubation, the mixture was washed with 2 ml of buffer A, and the bound protein was eluted with 100 μl elution buffer (10 mM reduced glutathione in 50 mM Tris-HCl, pH 8.0). Eluted fractions were measured for radioactivity using a liquid scintillation counter.
RNA isolation and qRT-PCR
Total RNA was isolated using the RNAspin Mini isolation kit (GE Healthcare), and reverse transcribed using the Transcriptor First Strand cDNA Synthesis Kit (Roche Diagnostics Corp., Indianapolis, IN, USA). The cDNA was quantified using Nanodrop (ND-1000) and used in qRT-PCR reactions. These reactions were performed on an MJ Research Chromo4 Detector using the QuantiTect SYBR Green PCR kit according to the manufacturer's protocol (QIAGEN, Valencia, CA, USA) using 500 ng of cDNA per sample in a total volume of 50 μl. Target genes (i.e., sod-3, mtl-1) were amplified using specific primers. Amplification and expression analysis were performed in triplicate. mRNA levels in the tested strains were normalized to those in the vector control RNAi group and compared to NSBP-1-or DAF-16-specific RNAitreated samples. Serially diluted vector RNAi cDNA (500-0.05 ng) was used to construct a standard curve for qRT-PCR using actin as an internal control. All of the primers used are listed in Table S3 . Unless otherwise specified, the data presented throughout this paper represent the mean (±SEM) from three independent experiments performed in triplicate.
Immunoprecipitation and Western blotting
Wild-type, daf-16::gfp, daf-2(e1370); daf-16::gfp, or Psod-3 ::gfp mixed-staged worms were collected by washing with water, pelleted by centrifugation at 3,000 × g for 30 s, and then frozen in liquid nitrogen in approximately 100-μl aliquots. Depending on the size of the frozen worm pellet, an approximately 4× volume of lysis buffer (50 mM Tris-HCl at pH 7.5, 150 mM NaCl, 1 mM dithiothreitol, 0.1 % Fos-Choline 13, 0.005 % sodium azide, and protease inhibitor cocktail) was added. The pellets underwent three freeze/thaws and were then homogenized. For immunoprecipitation, the lysate was incubated with antibody (10 μl antibody per 1 mg total protein) for 2 h at 4 °C. The anti-NSBP-1 antibody was generated against a peptide from the C-terminus of NSBP-1 (FEPPKSKDERNEDED) as reported previously [34] . A 1/10 volume of protein A slurry was then added and the mixture incubated for 4 h at 4 °C. The protein A beads were then washed three times with lysis buffer, and bound proteins were eluted by boiling in 4X sample buffer for 5 min prior to Western blotting. The primary antibodies used were anti-DAF-16 (rabbit, Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-GFP (mouse, Santa Cruz Biotechnology), and anti-NSBP-1 (rabbit, Abfrontier, Seoul). Anti-mouse and anti-rabbit secondary antibodies were obtained from Santa Cruz Biotechnology.
Fat assessment
Sudan black staining of stored fat was performed as described previously [17] . Briefly, wild-type and daf-2(e1370) adult worms were transferred onto fresh RNAi plates and grown to the L3 stage. The worms were then washed off the plates and incubated in M9 buffer for 30 min on a shaker at RT. After three washes with M9 buffer, the worms were fixed in 1 % paraformaldehyde, and then sequentially dehydrated with washes in 25, 50, and 70 % ethanol. Saturated Sudan Black (Sigma-Aldrich) solution was prepared fresh in 70 % ethanol. The fixed worms were incubated for 1-4 h in 200 μl of Sudan Black solution on a shaker at 4 °C.
Oil-Red O staining was conducted by as previously reported [35] . Briefly, worms collected after RNAi treatment and washed with PBS (pH 7.4) and were then resuspended in 120 μl of PBS to which an equal volume of 2× MRWB buffer containing 2 % paraformaldehyde was added. Samples were gently stirred for 1 h at room temperature and worms were washed with 1× PBS. Worms were dehydrated with 60 % isopropanol. Oil-Red-O solution was prepared as follows: a 0.5 g/100 ml isopropanol stock solution equilibrated for several days was freshly diluted to 60 % with water and gently stirred for at least 1 h and filtrated. The worms were incubated for 1 h in 1 ml of 60 % Oil-Red O solution at room temperature.
To quantitate total triglyceride content, wild-type and daf-2(e1370) adult worms were picked and transferred onto fresh RNAi plates and grown until the L4 stage. The worms were then frozen in liquid nitrogen and stored at −80 °C until needed. Approximately 30 mg of nematodes were weighed and ground in a nitrogen-chilled mortar with 250 μl of frozen phosphate buffer. Extracts were centrifuged for 7 min at 12,000 × g to clear the lysate. Fat content was determined using a commercially available TG determination kit (SigmaAldrich) as previously described [36] and normalized to the total amount of protein in each homogenate using the Bradford assay (Bio-Rad, Hercules, CA). For each treatment condition and time point indicated, at least three independent biological samples were generated, with duplicate preparations of lysates from each sample and two measurements for every preparation.
Results
NSBP-1 binds to cholesterol
In C. elegans, cholesterol is required for reproductive growth and gonad development [7, 8] . Cholesterol functions in part through its binding proteins. However, so far vitellogenin (a functional homolog of mammalian low-density lipoprotein, LDL) is the only known cholesterol-binding protein in worms [37] . To identify new cholesterol-binding protein(s), we used affinity chromatography to screen for cholesterol (sterol)-binding proteins in cell lysates from wild-type worms. We isolated D2096.8 and identified it as a homolog of human NAP1 (with 42 % identity) with proteomic analysis using nano-LC-MS/MS analysis coupled with a linear trap quadrupole mass spectrometer (Thermo Electron, San Jose, CA, USA) as described in the "Materials and methods" section among others including vitellogenin (Online Resource Fig. S1 and Table S1) [37] . We focused on D2096.8 because it was also isolated from our previous screen for daf-2 downstream target genes, yet whether it functions in cholesterol signaling, especially in conjunction with the insulin signaling pathway, had not been addressed [34, 38] .
To verify that D2096.8 binds to cholesterol, we made a recombinant GST-tagged fusion protein and performed an in vitro cholesterol-binding assay as described previously (Online Resource Fig. S1B ) [33, 39] . Recombinant GST-D2096.8 bound to [ 3 H]-labeled cholesterol in a concentrationdependent manner with a K d of 87.5 ± 27.7 nM (Fig. 1a) . The binding was saturated after 30 min of incubation (Fig. 1b) . In competition assays with unlabeled cholesterol, we measured an IC 50 of 40 ± 5.6 nM (Fig. 1c) . Competition assays using sterols other than cholesterol (e.g., 7-dehydrocholesterol, desmosterol, β-sitosterol, 25-hydroxycholesterol, and lanosterol) showed that while 25-hydroxycholesterol could compete with [ 3 H]-labeled cholesterol at a higher concentration (IC 50 ≈ 0.63 μM), no other sterol tested could (Fig. 1c) , confirming that D2096.8 binding is mostly specific to cholesterol. We named it nematode sterol-binding protein-1 (NSBP-1).
NSBP-1 function and expression
To investigate the physiological function of NSBP-1, we examined the phenotype of the nsbp-1(tm1278) deletion mutant and worms treated with RNAi against nsbp-1 (Online Resource Fig S3) . nsbp-1 mutants were either arrested as larvae or sterile as adults. Homozygous progeny from a heterozygous mother were scrawny and thin, grew slowly, and showed severe germline defects compared to wild-type siblings (Fig. 2a-e) . Even nsbp-1 heterozygotes grew noticeably slowly and had reduced brood sizes without any visible defects in either body size or the germline, suggesting haploinsufficiency of this gene in development and reproduction (Online Resource Fig. S2 ). RNAi knockdown of nsbp-1 beginning at the egg stage resulted in viable adults with a normal rate of development. However, a few nsbp-1(RNAi) adults showed abnormal migration of the distal gonad tip, a spermatheca developmental defect, endomitotic oocytes, or abnormal vulval development (Fig. 2f-i and data not shown). In contrast, most worms treated with nsbp-1 RNAi for two generations showed an abnormal gonad phenotype and became sterile, mimicking the phenotype of nsbp-1 mutants. This confirmed that nsbp-1 is an essential gene involved in development and growth. These phenotypes mimic the main defects caused by cholesterol deficiency, supporting an NSBP-1 role in cholesterol signaling [7] . To examine where NSBP-1 functions, we generated transgenic worms carrying the nsbp-1 promoter and gene fused with GFP to visualize expression. NSBP-1::GFP was widely expressed in various tissues, including the pharynx, vulva, spermatheca, intestine, excretory cells, and hypodermis (Fig. 2j-s) , consistent with the pleiotropic phenotypes and broad expression patterns. In the cell, NSBP-1::GFP was expressed diffusely throughout nucleus and cytoplasm.
NSBP-1 influences multiple biological processes affected by the insulin pathway
In the absence of cholesterol, worms arrest as dauer larvae, a dormant form to survive harsh environments [6, 11] . Dauer formation is regulated by insulin, TGFβ, and cGMP pathways, all of which converge on synthesis of cholesterol-derived ligands of a nuclear hormone receptor, DAF-12 [40] . Because NSBP-1 binds to cholesterol, which regulates the dauer formation pathway, and because Fig. 1 D2096.8 (NSBP-1 (Fig. 3a) , suggesting NSBP-1 interacts with the insulin signaling pathway.
We further examined life span, fat storage, and resistance to oxidative stress, all of which are known to be regulated by the insulin signaling pathway [41] . RNAi of nsbp-1 reduced the lifespan of daf-2 mutant by approximately 33 % compared to control RNAi (Fig. 3b) . To examine resistance to oxidative stress, as a measure of increased sod-3 expression, we measured the survival of worms treated with 100 mM paraquat. After 20 h of paraquat treatment, 90 % of control RNAi-treated daf-2 mutants survived, whereas only 62 % of nsbp-1 RNAi-treated daf-2 mutants did (Fig. 3c) . Lastly, RNAi of nsbp-1 reduced fat storage in the daf-2 mutant as measured by Sudan black staining [17] (Fig. 3d) . These data show that nsbp-1 may have a partial role in mediating dauer formation, longevity, oxidative stress resistance, and fat accumulation in daf-2 mutants, suggesting that nsbp-1 influences multiple biological processes regulated by the insulin signaling pathway in C. elegans. Fig. 2 Phenotypes of the nsbp-1(tm1278) deletion mutant. a Wild type. Homozygous nsbp-1 mutants showed b small body size, c abnormal vulva development, d spermatheca (Sp) of wild type, and e abnormal migration of the distal gonad tip and spermatheca development defects (indicated by arrow). f-i nsbp-1 RNAi in the wild type also caused gonad development defects, such as defects in spermatheca development (f, g) and endomitotic oocytes (h, i). g and i were stained by DAPI and (f) and (h) are corresponding DIC images (Emo endomitotic oocyte, Sp spermatheca). j-s Transgenic worms carrying NSBP-1::GFP in a wild-type background showed expression of the protein in the spermatheca (Sp, j, k), the intestine (Int, l, m), head neurons and pharynx (HN and Ph, n, o), the hypodermis (Hyp, p), the vulva (Vul, q, r) and the excretory cell (Ex, s). A representative image from one of three independent experiments is shown (n = 30). j-s Fluorescence images of transgenic worms while k, m, o, r show the DIC images corresponding to j, l, n, q. All scale bars represent 20 μm Because NSBP-1 binds to cholesterol and because knockdown of nsbp-1 by RNAi alleviates several daf-2 mutant phenotypes, we reasoned that if we manipulated cholesterol concentrations to disrupt nsbp-1 function, daf-2 might show phenotypes similar to those caused by treatment with nsbp-1 RNAi. When we treated daf-2 mutants with three different cholesterol concentrations, 0 μg/ml (low cholesterol medium, LCM), 5 μg/ml (NGM) and 20 μg/ml (high cholesterol medium, HCM), we found that not only low cholesterol but also high cholesterol treatment reduced dauer formation and fat storage, mimicking the nsbp-1 RNAi effect on daf-2 mutants (Fig. 3e, f) . That cholesterol imbalance induced a similar phenotype as treating daf-2 mutants with nsbp-1 RNAi suggests that cholesterol is necessary for daf-2 mutants to show their phenotypes and the cholesterol function is mediated by nsbp-1. However, it is not clear why increased and decreased cholesterol reduces dauer formation and fat storage in daf-2 animals. We speculate that there may be another factor that can sense the level of cholesterol (e.g., SCAP in mammals) and mediate 
NSBP-1 is translocated into the nucleus in the absence of insulin signaling
To understand the molecular mechanisms by which nsbp-1 regulates the insulin signaling pathway, we first compared the localization of NSBP-1 in the wild type to that in daf-2 mutants. In wild-type intestinal cells NSBP-1 protein was diffusely localized throughout the cell. However, in daf-2 mutants, NSBP-1 protein was mainly in the nucleus, showing that in the absence of insulin signaling, NSBP-1 proteins translocated into the nucleus (Fig. 4a-d, i-k) . Because DAF-16, the main downstream target of the insulin signaling pathway, also translocates into the nucleus in the absence of insulin signaling [42, 43] and because it is known that NAP-1 family proteins, homologs of NSBP-1, also translocate into the nucleus to function [44] , we hypothesized that NSBP-1 might change its intracellular localization through phosphorylation by kinases in the insulin pathway. AGE-1, a worm homolog of PI3 kinase, and AKT-1 are two kinases downstream of daf-2. Mutants for these genes show phenotypes identical to those of daf-2 mutants; they become dauers because the mutants cannot phosphorylate DAF-16 to keep it in the cytoplasm. As a result, DAF-16 gets dephosphorylated and then translocates into the nucleus. In age-1 and akt-1 mutants, NSBP-1 was localized in the nuclei (Online Resource Fig. S4, S5) , showing that the cytoplasmic localization of NSBP-1 was dependent on insulin signaling pathway kinases. Interestingly, however, NSBP-1 was still localized in the nucleus in daf-16; daf-2 double mutants (Online Resource Fig. S4 ). This result was verified by treating daf-16 and wild-type worms with daf-2 RNAi; daf-2 RNAi translocates NSBP-1 from cytosol to nucleus in both wild-type and daf-16 worms (Online Resource Fig. S5,  S6 ). These results indicated that NSBP-1 translocates into the nucleus when insulin signaling is absent. However, the translocation does not seem to require DAF-16.
To determine whether phosphorylation plays a role in NSBP-1 localization in the absence of insulin signaling, we searched for potential AGE-1 or AKT-1 phosphorylation sites using the SCANSITE program (http://scansite.m it.edu/). This analysis identified threonine 203 (Thr203) and serine 239 (Ser239) of NSBP-1 as potential AKT-1 phosphorylation sites. To test if either of these was the phosphorylation site to regulate NSBP-1′s localization in the absence of insulin signaling, we generated three different transgenic worms that carried NSBP-1 fused with GFP, [36] a construct in which Thr203 of NSBP-1::GFP was substituted with alanine, or [34] a construct in which Ser239 of NSBP-1::GFP was substituted with glycine [45] . NSBP-1 T203A::GFP was constitutively localized in nuclei even in the wild type, whereas NSBP-1 S239G::GFP and NSBP-1::GFP remained in the cytoplasm (Fig. 4e-h, i-k and Online Resource  Fig. S7 ). These results strongly suggest that phosphorylation of NSBP-1 on threonine 203, most likely by AKT-1, keeps NSBP-1 proteins in cytoplasm in the presence of insulin signaling, and dephosphorylation of the site in the absence of insulin signaling translocates the protein into the nucleus.
NSBP-1 directly binds to DAF-16
Our results show that NSBP-1 can be located in nuclei, and that translocation was dependent on the insulin signaling pathway. Based on the similarity between NSBP-1 and DAF-16, which also translocates into nucleus in the absence of insulin signaling, we examined if NSBP-1 directly interacts with DAF-16 using co-immunoprecipitation (Fig. 5) . We used daf-16; muIs71 worms, which express GFP fused to DAF-16 [42] , because it is difficult to detect endogenous DAF-16 in wild-type worms. DAF-16::GFP was detected in daf-16; muIs71 but not in the wild type or daf-2 (Fig. 5a) . To confirm that the interaction was specific to DAF-16 but not to GFP, we immunoprecipitated NSBP-1 from a lysate Resource Fig. S8 ), confirming that the interaction is specific for DAF-16 but not for GFP. To further confirm the specificity, we performed RNAi of nsbp-1 to reduce amounts of NSBP-1 protein. No DAF-16 could be immunoprecipitated with NSBP-1 antibody when nsbp-1 was knocked down by RNAi, confirming the specificity (Fig. 5b) .
Because NSBP-1 also binds to cholesterol, we examined whether binding between NSBP-1 and DAF-16 is regulated by cholesterol. When we examined their interaction using cell lysates from wild-type worms grown in various cholesterol concentrations, both extracts obtained from worms grown in low and high (but not normal cholesterol) medium show reduced in binding between NSBP-1 and DAF-16 (Fig. 5c) . This suggests the binding prefers an optimum concentration of ~5 μg/ml cholesterol. This also supports our previous observation (Fig. 3) of a cholesterol imbalance effect on daf-2 mutants; both high and low cholesterol treatment alleviated some of daf-2 mutant phenotypes (fat accumulation and dauer phenotype). This suggests that when there was too much or too little cholesterol, NSBP-1 could not bind to DAF-16 and therefore DAF-16 activity was reduced, which in turn alleviated several daf-2 phenotypes in life span, fat storage, and oxidative stress.
NSBP-1 and DAF-16 co-regulate transcription response
We have shown that both NSBP-1 and DAF-16 are regulated by the insulin signaling pathway and both translocate into the nucleus in the absence of insulin signaling. Furthermore, we showed that NSBP-1 and DAF-16 bind to each other. To understand the physiological consequences of this binding, we measured gene expression of known daf-16 targets, sod-3 and mtl-1, using quantitative RT-PCR (qRT-PCR). The expression of both genes decreased by nsbp-1 RNAi (Fig. 6a) , indicating that NSBP-1 regulates DAF-16 transcriptional activity positively.
Fatty acid and cholesterol metabolism are related in many aspects of lipid metabolism [46] . Of all the insulin-mediated physiological processes that NSBP-1 influenced, fat storage was most affected (Fig. 3) . To understand how nsbp-1 regulates fat accumulation in interaction with DAF-16, we examined four genes that are known to function most significantly in fat accumulation and storage, fat-7, sbp-1, lipl-4, and C46C11.1. Among them we found that sbp-1, a homolog of SREBP, whose expression is known to be regulated by FOXO in mammals [47] , is regulated by both NSBP-1 and DAF-16; when we measured sbp-1 mRNA level in worms treated with nsbp-1-or daf-16-specific RNAi, sbp-1 expression was decreased (Fig. 6a) . These results indicated that NSBP-1 and DAF-16 act together to regulate both oxidative stress and fat storage. Table S3 ). In addition, nsbp-1(O/E) worms are resistant to oxidative stress when changes in survival rate in parquet treatment and in sod-3 expression were measured as an index of oxidative stress; after 20 h of paraquat treatment, nsbp-1(O/E) worms showed 78 % survival, whereas control worms exhibited 60 % viability (Fig. 6c) . Fat storage and sod-3 expression were also increased in both nsbp-1(O/E) and nsbp-1(T203A O/E). However, increase in fat storage by overexpression of wild-type or constitutively active NSBP-1 was not abolished by the daf-16 mutation, suggesting that NSBP-1 may have another way to regulate fat storage independent of DAF-16 ( Fig. 6d-h ). The increases in resistance to oxidative stress, in sod-3 expression and in lifespan were all abolished in daf-16; nsbp-1(O/E) (Fig. 6i) . That the phenotypes caused by overexpression and constitutively active gene function show phenotypes exactly opposite to those caused by knockdown of the gene shows that all phenotypes are indeed mediated by nsbp-1. Moreover, that the phenotypes caused by overexpression mimic daf-2 mutant phenotypes mediated by DAF-16 and that most of those phenotypes were abolished by DAF-16 mutation strongly supports the hypothesis that NSBP-1 interacts with the insulin pathway by regulating DAF-16 activity.
Discussion
Although C. elegans lack de novo cholesterol biosynthesis, they require cholesterol for germ cell development, growth, stress resistance, dauer formation, fat storage, cuticle formation, and modulation of other lipids [7, 9, 10, [48] [49] [50] . Changes in exogenous or endogenous cholesterol profoundly affect C. elegans cellular function and cholesterol cannot be replaced by other lipid molecules. For example, disturbances in cholesterol uptake are known to cause defects in germ cell development, growth, cuticle development, and motility [48, 51] . In this regard, C. elegans represents a nice model for studying cholesterol-mediated signaling [9] . Thus, we believe that many of the physiological changes caused by various cholesterol conditions (e.g., disturbance in uptake or hypercholesterolemia) are relevant to worm physiology [9] .
It will be intriguing in the future to determine whether the link between cholesterol and insulin signaling via NSBP-1 that we discovered in C. elegans can also exist in a similar manner in mammals, including humans. NSBP-1 is a homolog of human NAP1, which is involved in such biological functions as histone chaperoning, nucleocytoplasmic shuttling, chromatin remodeling, enzyme inhibition, replication, transcription, silencing, and apoptosis [52] . This protein is essential in mammals since deletion leads to embryonic lethality or poor viability in adults [53, 54] , similar to homozygous deletion of nsbp-1 in C. elegans.
NSBP-1 has cholesterol-binding activity. It possesses binding affinity for cholesterol (K d = 87 nM; Fig. 1 ) comparable to that of other known sterol-binding proteins (e.g., PBR, K d = 10 nM; NPC2, K d = 30-50 nM; NPC1, K d = 100 nM) [55] [56] [57] . Interestingly, like NPC2, NSBP-1 lacks any known sterol-sensing domain. Because NPC2 binds sterols via a hydrophobic region within its β-sheet [57] , we speculate that NSBP-1 may bind to cholesterol via a highly conserved hydrophobic region within the β-sheet [52] .
Another important function of NSBP-1 is to regulate DAF-16 activity. Although NAP1 has been reported to bind other transcription factors [58, 59] , we show differential binding of NSBP-1 to a FOXO factor in C. elegans. Unlike other nuclear factors (e.g., SMK-1, HCF-1, and BAR-1), NSBP-1 not only binds differentially to DAF-16 to control some of insulin signaling in a cholesterol-dependent manner, but also translocates to the nucleus depending on AKT. DAF-16 plays a major role in mediating changes in resource allocation in response to environmental changes such as heat stress and starvation [60] . DAF-16 translocates to the nucleus upon heat stress [60] , whereas NSBP-1 does not seem to respond to this stress: there was no change in location of DAF-16 or NSBP-1 in response to changes in cholesterol level (data not shown). So we suggested that nsbp-1 does not exactly overlap with daf-16 function while cholesterol imbalance is different from stresses (e.g., heat stress).
Based on our results, we propose a model of how NSBP-1 mediates various cellular functions (Fig. 7) . In the presence of active insulin signal, NSBP-1 and DAF-16 remain in the cytosol. In the absence of insulin signal, however, NSBP-1 translocates to the nucleus and interacts with DAF-16 to enhance its activity. This interaction increases dauer formation, oxidative stress resistance, and fat storage. However, under low-or high-cholesterol conditions, NSBP-1 can bind only weakly to DAF-16 and therefore DAF-16 activity is reduced (Figs. 5, 7) . We interpret these data that the interaction between NSBP-1 and DAF-16 is dependent on cholesterol concentration and that interaction with DAF-16 is critical for NSBP-1-mediated regulation of the insulin signaling pathway. Studies showed that hyperactivation of FOXO transcription factors causes insulin-resistant diabetes in mammals [61, 62] . To prevent FOXO hyperactivation, a feedback control mechanism modulates the insulin signaling pathway [63] . Our finding that NSBP-1 as a cholesterolbinding protein regulates DAF-16 activity suggests that to prevent FOXO hyperactivation in worms, high cholesterol may suppress DAF-16 activity by controlling its binding to NSBP-1. In fact, DAF-16 hyperactivation could also be harmful to worms [64] . Thus, it is reasonable to propose that NSBP-1 acts as a cholesterol-dependent modulator of DAF-16 function, which can lead to fine-tuning of aging, dauer formation, fat storage, and stress resistance in C. elegans. In mammals, binding of CBP/p300 to FOXO factors is essential for FOXO-mediated transcription [65] , and NAP1-p300 complexes promote transcriptional activation [66] . Our results suggest that NAP1-FoxO complexes could also play an important role in mammals, as NSBP-1-DAF-16 does in C. elegans.
In conclusion, we report the discovery of NSBP-1 as a novel cholesterol-binding protein that mediates many cellular processes by differentially interacting with DAF-16 in response to cholesterol concentration. Insulin signalingdependent nucleocytoplasmic translocation of NSBP-1 was found to be modulated in a cholesterol concentrationdependent manner. This finding expands our understanding of insulin resistance, as well as other metabolic disease mechanisms in mammals, suggesting screens for new Fig. 7 Proposed model for the potential role of NSBP-1 in the insulin pathway. DAF-2 signals through the AGE-1 signaling cascade activate AKT-1 by phosphorylation. These kinases in turn regulate DAF-16 and NSBP-1 negatively. In the absence of insulin signaling, NSBP-1 binds to DAF-16 in the nucleus to regulate insulin signaling-mediated dauer formation, fat storage, and oxidative stress therapeutic drugs for type II diabetes or treatment strategies for other metabolic syndromes in humans [67] .
